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The most important thing for searching for new physics:

Main Message

Understanding the Background
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Motivation from a Natural SUSY
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Figure 8.1: A contour map of the Higgs potential, for a typical case with tan β ≈ − cotα ≈ 10.
The minimum of the potential is marked by +, and the contours are equally spaced equipotentials.
Oscillations along the shallow direction, with H0

u/H
0
d ≈ 10, correspond to the mass eigenstate h0, while

the orthogonal steeper direction corresponds to the mass eigenstate H0.
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Figure 8.2: Contributions to the MSSM lightest Higgs mass from top-quark and top-squark one-loop
diagrams. Incomplete cancellation, due to soft supersymmetry breaking, leads to a large positive
correction to m2

h0 in the limit of heavy top squarks.

basis and with masses mt̃1
, mt̃2

much greater than the top quark mass mt, one finds a large positive
one-loop radiative correction to eq. (8.1.20):
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This shows that mh0 can exceed the LEP bounds.
An alternative way to understand the size of the radiative correction to the h0 mass is to consider

an effective theory in which the heavy top squarks and top quark have been integrated out. The quartic
Higgs couplings in the low-energy effective theory get large positive contributions from the the one-loop
diagrams of fig. 8.3. This increases the steepness of the Higgs potential, and can be used to obtain the
same result for the enhanced h0 mass.

An interesting case, often referred to as the “decoupling limit”, occurs when mA0 # mZ . Then
mh0 can saturate the upper bounds just mentioned, with m2

h0 ≈ m2
Z cos2(2β)+ loop corrections. The

particles A0, H0, and H± will be much heavier and nearly degenerate, forming an isospin doublet that
decouples from sufficiently low-energy experiments. The angle α is very nearly β−π/2, and h0 has the
same couplings to quarks and leptons and electroweak gauge bosons as would the physical Higgs boson
of the ordinary Standard Model without supersymmetry. Indeed, model-building experiences have
shown that it is not uncommon for h0 to behave in a way nearly indistinguishable from a Standard
Model-like Higgs boson, even if mA0 is not too huge. However, it should be kept in mind that the
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Figure 8.3: Integrating out the top quark and top squarks yields large positive contributions to the
quartic Higgs coupling in the low-energy effective theory, especially from these one-loop diagrams.
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Do we have a natural theory for a light Higgs boson?

(1) Higgs boson as a pseudo-Goldstone boson

(2) Add additional particles to cancel the SM particle 
radiative corrections to the Higgs boson mass

in little Higgs models: top-partner (a fermion)

in MSSM: stop, sbottom, ...
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Direct Production of Stops
The signal is ttbar+MET
Early work:               ......
                               Meade and Reece, hep-ph/0601124
                               Kong and Park, hep-ph/0703057
                               Han, Mahbubani, Walker, Wang, 0803.3820

                               ......
Endpoints:                 YB, Cheng, Gallichio, Gu, 1203.4813
                               Killic and Tweedie, 1211.6106
Spin-correlations:      Han, Katz, Krohn, Reece, 1205.5808
Top-tagging:              Plehn, Spannowsky, Takeuchi, 1205.2696
                               Kaplan, Rehermann, Stolarski, 1205.5816
                               Dutta, Kamon, Kolev, Sinha, Wang, 1207.1893
Shapes of missing Et:  Alves, Buckley, Fox, Lykken, Yu, 1205.5805
Topness:                   Graesser and Shelton, 1212.4495

                               ......
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Search for Vanilla Stops

The leading background is ttbar in the dileptonic channel

2

measurements up to |η| of 2.7.
The analysis is based on data recorded by the AT-

LAS detector in 2011 using 1.04 fb−1 of integrated lu-
minosity. The data were collected using electron and
muon triggers. Requirements that ensure the quality of
beam conditions, detector performance and data are im-
posed. Monte Carlo (MC) event samples with full AT-
LAS detector simulation [14] based on the Geant4 pro-
gram [15] and corrected for all known detector effects are
used to model the signal process and most of the back-
grounds. The multi-jet background is modeled using data
control samples rather than the simulation. The back-
ground sources are separated into four main categories
according to their importance: dilepton tt (where both
W bosons decay to a lepton-neutrino pair: W → "ν);
single-lepton tt and W+jets; multi-jet production; and
other electroweak processes, such as diboson production,
single top, and Z+jets. The tt and single top samples
are produced with MC@NLO [16], while the W+jets
and Z+jets samples are generated with Alpgen [17].
Herwig [18] is used to simulate the parton shower and
fragmentation, and Jimmy [19] is used for the underlying
event simulation. The diboson background is simulated
using Herwig. The tt cross-section is normalized to ap-
proximate next-to-nextto-leading order (NNLO) calcula-
tions [20], the inclusiveW+jets and Z+jets cross-sections
are normalized to NNLO predictions [21], and the cross-
sections of the other backgrounds are normalized to NLO
predictions [22]. Additional corrections to the MC pre-
dictions are extracted from the data, as described below.
Electron and muon candidates are selected as for other

recent ATLAS top quark studies using the single-lepton
signature [23]. Jets are reconstructed using the anti-
kt [24] algorithm with the distance parameter R = 0.4.
To take into account the differences in calorimeter re-
sponse to electrons and hadrons, a pT- and η-dependent
factor, derived from simulated events and validated with
data, is applied to each jet to provide an average energy
scale correction [25] corresponding to the energies of the
reconstructed particles.
In the calorimeter, the energy deposited by particles is

reconstructed in three-dimensional clusters. These clus-
ters are calibrated according to the associated recon-
structed high-pT object. The energy of these clusters
is summed vectorially, and projections of this sum in the
transverse plane correspond to the negative of the Emiss

T
components [26]. Clusters not associated with any high-
pT object and muons reconstructed in the MS are also
included in the Emiss

T calculation.
Events are selected with exactly one isolated electron

or muon that passes the following kinematic selection cri-
teria. Electrons are required to satisfy ET > 25 GeV
and |η| < 2.47. Electrons in the region between the bar-
rel and the endcap electromagnetic calorimeters (1.37 <
|η| < 1.52) are removed. Muon candidates are required
to satisfy pT > 20 GeV and |η| < 2.5. These selected
leptons lie in the efficiency plateau of the single-lepton
triggers. Only events with four or more reconstructed

jets with pT > 25 GeV and |η| < 2.5 are selected. To
reduce the W+jets background, events are required to
have Emiss

T > 100 GeV and mT > 150 GeV, where mT is
the transverse mass of the lepton and Emiss

T [27]. Events
with either a second lepton candidate with pT > 15 GeV
or a track with pT > 12 GeV, with no other tracks with
pT > 3 GeV within ∆R = 0.4 (∆R ≡

√

∆η2 +∆φ2), are
rejected in order to reduce the contribution from tt dilep-
ton events. In particular the isolated track veto is useful
in reducing single-prong hadronic τ decays in tt dilepton
events. A summary of the background estimates and a
comparison with the observed number of selected events
passing all selection criteria are shown in Table I. A total
yield of 101 ± 16 events is expected from SM sources, and
105 events are observed in data. The background com-
position is similar in the electron and muon channels.

TABLE I: Summary of expected SM yields including statisti-
cal and systematic uncertainties compared with the observed
number of events in the signal region.

Source Number of events
Dilepton tt 62 ± 15

Single-lepton tt/W+jets 33.1 ± 3.8
Multi-jet 1.2 ± 1.2

Single top 3.5 ± 0.8
Z+jets 0.9 ± 0.3

Dibosons 0.9 ± 0.2
Total 101 ± 16
Data 105

The dominant background arises from tt dilepton final
states in which one of the leptons is not reconstructed,
is outside the detector acceptance, or is a τ lepton. In
all such cases, the tt decay products include two high-
pT neutrinos, resulting in large Emiss

T and mT tails. In
MC, the second lepton veto removes 45% of the dilepton
tt and 10% of the single-lepton tt in the signal region.
The veto performance is validated in the data in several
control regions both enhanced and depleted in dilepton
tt, and in all cases the veto efficiencies in MC and data
agree within 10%.
The next largest background comes from single-lepton

sources, including W+jets and tt with one leptonic W
decay. Both the normalization and the shape of the mT

distribution for this combined background are extracted
from the data. First, the yield of the single-lepton back-
ground estimated from simulation is normalized in the
control region 60 GeV < mT < 90 GeV to the data which
gives a correction of (−5 ± 3)%. Next, the shape of the
mT distribution in MC is compared with data in various
signal-depleted control regions, where events satisfy the
signal event selection but have fewer than four jets. In
these control samples events with identified b-jets, based
on lifetime b-tagging [23], are rejected in order to reduce
the dilepton tt̄ background, such that these control sam-
ples are dominated by W+jets events; the corresponding
loss of single-lepton tt̄ from this b-jet veto is accounted

Figure 2: The Feynman diagram for the tt̄ background in the (dominant) dileptontic channel. The
dashed lines represent missing particles at colliders, including a lost lepton that would otherwise
exclude it as a background to our semileptonic stop signal.

backgrounds. Our observables for the leading leptonic background are the 2 b-jets + one lepton

+ Emiss
T subsystem. In fact, the next-to-leading dominant semileptonic tt̄ background also contains

exactly the same subsystem if one disregards the jets from the W decay, so they may be used to bound

this background too. On the other hand, the t̃ t̃∗ signal has the additional missing energy source from

the missing χ̃ particles. Consequently the corresponding variables can take larger values.

In all MT2-type variables, a minimization is performed over all possible ways of dividing "Emiss
T

between the two decay chains. More explicitly, the minimization is over all possible pairs of 4-momenta,

each with an assumed mass, whose vector sum has transverse components that match "Emiss
T . The

difference between variables comes in the assignment of visible and missing momentum to the two

decay chains, along with invariant mass or MT constraints imposed on the hidden 4-momenta. In the

following, we define three MT2-type variables with background endpoints roughly at the top mass.

These new variables are not expected to be completely independent, so their performances will be

evaluated in the next section.

The first variable is basically the MT2 of the tt̄ → bW+b̄W− subsystem, which is denoted as M b
T2.

Interpreted in the original MT2 context, it assumes a “missing on-shell W” on each side of the decay

chain. Since the lepton momentum results from the W decay, we add it to the "Emiss
T . It is defined as

M b
T2 = min
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, (1)

where the W mass is assigned for both pT1 and pT2 and jet masses of pb1 and pb2 are calculated from

5

ATLAS Collaboration,  1.0/fb@ 7 TeV, 1109.4725

The signal is ttbar+MET (one lepton + jets + MET)

mt̃1 � mt +m�̃0
1
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Reduce the ttbar Background
which is more sensitive to this background topology because of the additional kinematic information

applied in the definition. Specifically, the variable MW
T2 (where the superscript W represents the on-

shell intermediate W information is included when combining lepton and neutrino) can no longer be

cast into the “maximum of two side’s MT ” form, but is instead defined directly as the minimization 5

MW
T2 = min

{

my consistent with:

[

!pT1 + !pT2 = !Emiss
T , p21 = 0 , (p1 + p!)2 = p22 = M2

W ,
(p1 + p! + pb1)

2 = (p2 + pb2)
2 = m2

y

]}

.(3)
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Figure 5: Schematic of MW
T2, along with its signal and background event distributions. Here all of the

information is used, including theW -on-shell mass condition on both sides. As with the other variables,
p2 is the entire missing on-shell W , but p1 is the neutrino that gets paired with the visible lepton to
form the other on-shell W . All the events in the plot have Emiss

T > 150 GeV and MT > 100 GeV. The
events with no compatible top mass under 500GeV are placed in the last bin.

The diagram, along with signal and background distributions are shown in Fig. 5. We use the same

method as before to pick the two b-jets, and a method similar to that for M b!
T2 is used to choose which

b-jet gets paired with the visible lepton. Calculating this variable can be done efficiently in a similar

way as the MT2 calculation in Ref. [47] by generalizing the method there to this case. For perfect

measurements, this variable for the dileptonic tt̄ backgrounds is less than the true top quark mass

since the top mass should be compatible with all background events. On the other hand, the signal

events do not need to satisfy such a bound, because of its different topology and additional missing

massive particles χ̃. For some of the signal events we may not even be able to find a compatible

mass because we apply the variable to a wrong topology with the wrong mass-shell conditions. The

5The programs for calculating all new variables defined in this paper can be downloaded at
https://sites.google.com/a/ucdavis.edu/mass/
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see Michael Graesser’s talk for the “topness” variable and a comparison

Graesser and Shelton, 1212.4495
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Reduce the ttbar Background

Minimum Cuts mstop = 500GeV
Emiss

T meff MW
T2 M b

T2 M bl
T2 S20fb−1 B20fb−1 S/B σ

(150) - - - - 34.0 738.4 0.05 1.23
303 - - - - 11.4 16.6 0.69 2.49
303 659 - - - 11.4 16.1 0.70 2.50
299 709 172 - - 9.8 6.2 1.59 3.19
291 743 - 163 - 7.9 3.6 2.21 3.20
300 708 - - 170 9.4 5.6 1.69 3.20
291 742 173 123 109 9.0 4.4 2.04 3.34

Minimum Cuts mstop = 600GeV
Emiss

T meff MW
T2 M b

T2 M bl
T2 S20fb−1 B20fb−1 S/B σ

(150) - - - - 16.7 738.4 0.02 0.60
377 - - - - 4.5 3.0 1.49 2.04
345 696 - - - 6.1 6.3 0.97 2.05
337 727 168 - - 5.9 3.0 2.01 2.66
337 726 - - 168 5.8 2.7 2.17 2.69
333 740 - 157 - 5.3 2.1 2.59 2.73
332 741 168 148 91 5.5 2.1 2.67 2.81

Table 2: Cuts optimized for significance to discover 500GeV and 600GeV stops with 100GeV neu-
tralinos for 20 fb−1 at 7TeV. Again, all runs began with Emiss

T > 150GeV and include a fixed
MT > 150GeV cut (not shown), where there are 2115 and 1938 simulated events for 500 GeV and
600 GeV stops and the same number of background events as in Table 1. Cuts on Emiss

T and MW
T2 still

do almost as well as optimization over all variables, but here these additional cuts can improve S/B.

paper. So, the systematic errors for the actual experimental searches can further reduced.

We also tried a few small variations of these new variables and did not obtain better results.

For example, in M b
T2, using zero mass for W , or not adding the lepton momentum to Emiss

T yields

very similar results, and these variations are more than 95% correlated. Assuming the transverse

momentum of the missing neutrino from the W decay is in the same direction as that of the observed

lepton gives a worse result, since the W bosons in the background events are in general not highly

boosted. An MT2 variable motivated by the signal topology by combining one b-jet with the lepton

and the other b-jet with two non-b-jets also does not help. Our results indicate that if one wants to

choose a minimal set of variables for the semileptonic channel search of the stop direct production for

a wide range of the stop mass, the set (Emiss
T , MT , MW

T2) (even without meff) can achieve nearly the

maximal discriminant power of combining many different variables.

11

The ATLAS group has obtained our c++ code of variables 
and performed a search using our method
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ATLAS Collaboration, ATLAS-CONF-2013-037

Motivated ATLAS Search

Figure 1: Illustration of the amT2 (left) and mτT2 (right) variables used to discriminate against dileptonic
t  t background where one lepton is lost (left) or decays into a hadronically decaying τ (right).

of the variable mT2 [77] to further reduce the dileptonic t  t background. The first variant is a form of
asymmetric mT2 (amT2) [78–80] in which the daughter particle is the W boson for the branch with the
lost lepton and the neutrino for the branch with the observed charged lepton. For dileptonic t  t events with
a lost lepton, amT2 is constructed to be bounded by the top quark mass, whereas new physics can exceed
this bound. The second mT2 variant (mτT2) is designed for events with a hadronic τ lepton by using the W
bosons as parent particles and the ‘τ-jet’ as a visible particle on one branch and the observed lepton for
the other branch. For both mT2 variables, the b-jets are chosen based on the highest b-tagging weight.
For mτT2, the ‘τ-jet’ is the highest pT jet excluding the chosen b-jets. Figure 1 illustrates these two mT2
variables.

Furthermore, requirements on a minimal azimuthal (transverse) separation between the leading or
sub-leading jet and the missing transverse momentum direction (∆φ(jet1,2, #pmiss

T )) are used to suppress
the backgrounds. Table 1 gives an overview of the SR requirements and the resulting product of the
acceptance and reconstruction efficiency for selected benchmark points. The numbers of observed events
in each signal region after applying all selection criteria are given in Tables 2 through 7.

3.2 Background Modelling

The dominant background arises from dileptonic t  t events in which one of the leptons is not identified,
is outside the detector acceptance, or is a hadronically decaying τ lepton. In all these cases, the t  t decay
products include two or more high-pT neutrinos, resulting in large Emiss

T and large mT.
For each SR two control regions (CRs) enriched in t  t events (TCR) and W+jets events (WCR) are

defined to normalize the corresponding backgrounds using data. Both CRs differ from the corresponding
signal region by the mT requirement which is set to 60 GeV < mT < 90 GeV. The WCR also has a b-jet
veto instead of a b-jet requirement to reduce the t  t contamination. Moreover the requirements on Emiss

T ,
amT2 and mτT2 are slightly loosened for the CRs corresponding to SRs tN2 and tN3. All the other SR
requirements are unchanged in the corresponding CRs. Top production accounts for 60–80% of events
in the top control regions and W+jets production for 70–90% in the W control regions. The maximum
signal contamination for all grid points studied is 10% for the t̃1 → t+ χ̃0

1 CRs and 8% for the t̃1 → b+ χ̃±1
CRs.

For each signal region, a simultaneous fit to the signal region and the two associated control regions is
performed to normalize the t  t and W+jets background estimates as well as determine or limit a potential
signal contribution. The multijet background, which mainly originates from jets misidentified as leptons,
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Figure 6: Expected (black dashed) and observed (red solid) 95% CL excluded region (under the curve)
in the plane of mχ̃01 vs. mt̃1 , assuming B(t̃1 → tχ̃01) = 100%. All uncertainties except the theoretical signal
cross-section uncertainties are included. The contours of the yellow band around the expected limit are
the ±1σ results. The dotted red lines around the observed limit illustrate the change in the observed limit
as the nominal signal cross-section is scaled up and down by the theoretical uncertainty. For comparison
the light grey dashed line shows the expected exclusion limit of the ATLAS stop 1-lepton search on
13 fb−1 [24].

limits, especially for the t̃1 → b + χ̃±1 decay scenario and for the t̃1 → t + χ̃01 decay scenario near the
mt̃1 ! mt + mχ̃01 diagonal.

Figure 9 compares the upper cross section limits at 95% CL for a fixed LSP mass of 50GeV —
which covers a large range of possible top squark masses and also covers quite nicely all three SRtN
signal regions — obtained for signal models where t̃1 is purely t̃L or mostly (∼ 70%) t̃R. The mostly-t̃R
mixing composition is used for all other scenarios studied in this note. The weaker t̃L model exclusion
is mainly the result of a reduced lepton and mT acceptance. The acceptance is affected because the
polarization of the top quark changes as a function of the field content of the supersymmetric particles,
changing the boost of the lepton in the top quark decay. The excluded t̃1 mass reach of the t̃L model is
reduced by about 75GeV, for the assumed LSP mass.

Generic limits on beyond-SM contributions are derived from the same simultaneous fit as used for
calculating the CLs values but without signal model-dependent inputs — the generic signal model in-
cludes neither signal contamination in the control regions, nor experimental and theoretical signal sys-
tematic uncertainties. In the case of the shape fit, the generic signal model assumes, for each EmissT slice,
the presence of events only in the tightest mT bin, the signal being absent in the other bins. The resulting

17
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Extended ATLAS Search

Figure 1: Illustration of the amT2 (left) and mτT2 (right) variables used to discriminate against dileptonic
t  t background where one lepton is lost (left) or decays into a hadronically decaying τ (right).

of the variable mT2 [77] to further reduce the dileptonic t  t background. The first variant is a form of
asymmetric mT2 (amT2) [78–80] in which the daughter particle is the W boson for the branch with the
lost lepton and the neutrino for the branch with the observed charged lepton. For dileptonic t  t events with
a lost lepton, amT2 is constructed to be bounded by the top quark mass, whereas new physics can exceed
this bound. The second mT2 variant (mτT2) is designed for events with a hadronic τ lepton by using the W
bosons as parent particles and the ‘τ-jet’ as a visible particle on one branch and the observed lepton for
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Furthermore, requirements on a minimal azimuthal (transverse) separation between the leading or
sub-leading jet and the missing transverse momentum direction (∆φ(jet1,2, #pmiss

T )) are used to suppress
the backgrounds. Table 1 gives an overview of the SR requirements and the resulting product of the
acceptance and reconstruction efficiency for selected benchmark points. The numbers of observed events
in each signal region after applying all selection criteria are given in Tables 2 through 7.

3.2 Background Modelling

The dominant background arises from dileptonic t  t events in which one of the leptons is not identified,
is outside the detector acceptance, or is a hadronically decaying τ lepton. In all these cases, the t  t decay
products include two or more high-pT neutrinos, resulting in large Emiss

T and large mT.
For each SR two control regions (CRs) enriched in t  t events (TCR) and W+jets events (WCR) are

defined to normalize the corresponding backgrounds using data. Both CRs differ from the corresponding
signal region by the mT requirement which is set to 60 GeV < mT < 90 GeV. The WCR also has a b-jet
veto instead of a b-jet requirement to reduce the t  t contamination. Moreover the requirements on Emiss

T ,
amT2 and mτT2 are slightly loosened for the CRs corresponding to SRs tN2 and tN3. All the other SR
requirements are unchanged in the corresponding CRs. Top production accounts for 60–80% of events
in the top control regions and W+jets production for 70–90% in the W control regions. The maximum
signal contamination for all grid points studied is 10% for the t̃1 → t+ χ̃0

1 CRs and 8% for the t̃1 → b+ χ̃±1
CRs.

For each signal region, a simultaneous fit to the signal region and the two associated control regions is
performed to normalize the t  t and W+jets background estimates as well as determine or limit a potential
signal contribution. The multijet background, which mainly originates from jets misidentified as leptons,
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limits, especially for the t̃1 → b + χ̃±1 decay scenario and for the t̃1 → t + χ̃01 decay scenario near the
mt̃1 ! mt + mχ̃01 diagonal.

Figure 9 compares the upper cross section limits at 95% CL for a fixed LSP mass of 50GeV —
which covers a large range of possible top squark masses and also covers quite nicely all three SRtN
signal regions — obtained for signal models where t̃1 is purely t̃L or mostly (∼ 70%) t̃R. The mostly-t̃R
mixing composition is used for all other scenarios studied in this note. The weaker t̃L model exclusion
is mainly the result of a reduced lepton and mT acceptance. The acceptance is affected because the
polarization of the top quark changes as a function of the field content of the supersymmetric particles,
changing the boost of the lepton in the top quark decay. The excluded t̃1 mass reach of the t̃L model is
reduced by about 75GeV, for the assumed LSP mass.

Generic limits on beyond-SM contributions are derived from the same simultaneous fit as used for
calculating the CLs values but without signal model-dependent inputs — the generic signal model in-
cludes neither signal contamination in the control regions, nor experimental and theoretical signal sys-
tematic uncertainties. In the case of the shape fit, the generic signal model assumes, for each EmissT slice,
the presence of events only in the tightest mT bin, the signal being absent in the other bins. The resulting
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Stop+Chargino+Neutralino

Figure 1: Left: Feynman diagrams of stop pair production with both stops decaying through a chargino
and with 2 leptons final states. Right: Feynman diagrams of tt̄ pair production with 2 leptons final
states, which is the main background after some basic cuts.

both decay chains after requiring a minimum of the missing traverse energy, as shown in the latest

ATLAS analysis [41] (though the ATLAS analysis used a cut on a MT2 variable instead of missing

transverse energy to suppress other backgrounds). The corresponding Feynman diagram is shown in

the right panel of Fig. 1. In our study, we focus on the tt̄ background, and look for suitable kinematic

variables which can effectively separate the signal from the tt̄ background in order to improve the stop

search in this channel.

The b-jet and lepton momenta in the final state follow from the two mass differences: mt̃1
−mχ̃±

1

and mχ̃±
1

− mχ̃0
1
. The equivalent mass differences for the tt̄ background is fixed by the top and W

masses. As a consequence, we anticipate that for different spectra one may use different kinetic

variables to improve the search. To illustrate this point, we study several representative spectra based

on whether the b-jet and the lepton are harder or softer in the final state. We choose two different

mass gaps between the stop and the neutralino. The first one has 300 − 120 = 180 GeV, which is

close to the top quark mass. The other one has 250 − 120 = 130 GeV with a smaller mass gap than

that of the top background and generically softer leptons and b-jets. For each fixed mass gap between

the stop and the neutralino, we study three different cases with the chargino mass close to the stop

mass, close to the neutralino mass, or at a point with similar mass differences as the W gauge boson

mass between the top and the neutrino masses. The six set of masses are shown in Table 1, where

we label the six different spectra from S1 to S6. We also highlight the characteristic features of the
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Current Status (two-lepton)
ATLAS Collaboration, ATLAS-CONF-2012-167
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Figure 2: Expected 95% CL limits on the masses of the stop, �̃±1 , and �̃0
1, from the analysis of 13.0 fb�1

of 8 TeV collision data. Top: limits on the chargino and stop masses for a massless neutralino. Middle:
limits on the neutralino and stop masses for a fixed value of m(t̃) � m(�̃±1 ) = 10 GeV. Bottom: limits on
neutralino and chargino masses for a fixed 300 GeV stop mass. The dashed line and the shaded band are
the expected limit and its ±1� uncertainty, respectively. The thick solid line is the observed limit for the
central value of the signal cross section. The expected and observed limits do not include the e↵ect of
the theoretical uncertainties on the signal cross section. The dotted lines show the e↵ect on the observed
limit of varying the signal cross section by ±1� of the theoretical uncertainty.
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A Sample of Spectra
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A Sample of Spectra

mt̃1
(GeV) mχ̃±

1

(GeV) mχ̃0
1
(GeV) b-jets leptons

S1 300 160 120 harder softer

S2 300 200 120 comparable comparable

S3 300 230 120 softer harder

S4 250 160 120 comparable softer

S5 250 180 120 softer softer

S6 250 200 120 softer comparable

Table 1: Six representative signal spectra according to their similarities to the tt̄ background. In the
last two columns, the labels, “softer”, “harder” and “comparable”, mean the comparison of the b-jet
or lepton momenta between the signal and the tt̄ background.

b-jet and lepton momenta by comparing them to the momenta in the tt̄ background. We choose the

mass differences such that even for softer b-jets or leptons, a significant fraction of them can still pass

the cuts and register in the signal events, otherwise alternative search strategies will be needed. All

of these six spectra are not ruled by the current ATLAS search at 8 TeV with 13 fb−1, although the

spectrum S3 is very close to being excluded. We want to emphasize that the current search strategies

at ATLAS [41] using the MT2 variable constructed from the harder leptons will only be sensitive to the

S3-like spectra. For other type of spectra, different variables are generically required to distinguish

the signal from the background. We will come back to this point in Section 4.

Our detailed collider studies are based on the 8 TeV LHC with 22 fb−1, which is roughly the total

integrated luminosity collected by either ATLAS or CMS for the 8 TeV run. Signal and background

events are generated using MadGraph5 [45], and showered in PYTHIA [46]. We use PGS [47] to per-

form the fast detector simulation with modified b-tagging efficiencies that roughly match the latest

ATLAS b-tagging efficiency [48]. For signal events, we do not include the τ leptons from W gauge

boson decays, but they are kept in the background events. This is because this type of background

may become important once the background with direct electrons and muons from W decays are

sufficiently suppressed. The signal production cross section is normalized to be the value calculated

at NLO+NLL [49].1 The tt̄ production cross section is normalized to be 238+22
−24 pb, calculated at

NLO+NNLL [41]. We generated 105 events for each signal spectrum, and 5 × 105 events for the tt̄

di-leptonic background (which is close to the total number of the corresponding background events of

22 fb−1 integrated luminosity).

For the basic cuts on the objects, we closely follow the latest ATLAS analysis [41]: electrons are

1https://twiki.cern.ch/twiki/bin/view/LHCPhysics/SUSYCrossSections8TeVstopsbottom

4

Now, look for variables to improve the search
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Basic Variables

# of simulated events # of events at 22 fb−1 s/
√
b

S1 2718 54 0.48

S2 5580 112 0.99

S3 4920 98 0.88

S4 1538 86 0.77

S5 2446 137 1.22

S6 2379 133 1.19

tt̄ 11344 12602

Table 2: The signal and background events after the basic cuts at the 8 TeV LHC. The second
column is to have the signal and background events normalized to the 22 fb−1 luminosity. The signal
significance is shown in the last column. Signal spectra, S1-S6, have beed described in Table 1.

3.1 Basic Variables

As we saw in Table 1 that different spectra have different pT ’s for b-jets and charged-leptons. The pT ’s

of visible particles can certainly be used to reduce the tt̄ background. The missing transverse energy

in a signal event comes from both the neutralinos and neutrinos, while in the background event it

only comes from the neutrinos. Consequently, we may expect some differences in Emiss
T between the

signals and the background. We show their distributions for the tt̄ background and signals for all six

spectra in Fig. 2, where the horizontal axis starts from zero Emiss
T . From Fig. 2, we can see that for
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Figure 2: Emiss
T distributions of the six different signals and the tt̄ background.

S1, S2 and S3, the signal events turn out to have harder distributions of Emiss
T than the background

and Emiss
T could be useful to improve the search. For S4, S5 and S6 with a smaller mass difference

of mt̃1
− mχ̃0

1
, the difference is much smaller, so cutting on Emiss

T is not likely to improve the signal
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significance.

Another commonly used kinematic variable is the so-called effective mass variable, defined as

Meff ≡ Emiss
T +

∑

i=b1,b2,!1,!2

|!piT | , (1)

which can capture the generic center-of-mass energy of each event and is usually useful for searching

for new physics with heavy particles. We show the signal and background distributions in Meff in

Fig. 3. We see that S1, S2, and S3 have somewhat harder distributions than the background. On
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Figure 3: Meff distributions of the six different signals and the tt̄ background.

the other hand, S4, S5, and S6 on average have smaller Meff than the background due to the small

splitting between the stop and neutralino masses.

3.2 MT2-based Variables

A second class of variables is based on the MT2 variable discussed in the literature [43, 44, 50, 51].

MT2 uses the visible particle momenta and pmiss
T to find an optimized transverse mass for both decay

chains. Specifically for the final state of our interests, one can define the M !
T2 variable using the two

lepton momenta and pmiss
T as

M !
T2 = min







⋃

p1+p2=pmiss
T

max
[

mT (p
!1
T ,p1),mT (p

!2
T ,p2)

]







, (2)

where the mass of missing particle is set to be zero, as would be in a tt̄ background event. The

signal and background event distributions are shown in Fig. 4. Comparing the signal and background

behaviors in terms of M !
T2, we can see that S1, S4 and S5 have smaller values. This is essentially due

to their softer lepton momenta. As a result, imposing a lower limit cut on M !
T2, like what has been

done in the ATLAS search [41], can only decrease the signal significance. On the other hand, the
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MT2 Variables
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Figure 4: M !
T2 distributions for the six signals and the tt̄ background (B). The vertical black line

indicates the W gauge boson mass. The vertical purple line shows the suggested lower cut to increase
the S3 signal significance. As shown in Ref. [52], if pmiss

T lies between the two vectors p!
1 and p!

2 in
the transverse plane, one has M !

T2 = 0. This explains the accumulation of evens at zero.

spectrum S3 does have a harder lepton and a cut of requiring M !
T2 above a certain value can increase

the signal significance. This is indeed the case. We found that imposing M !
T2 > 85 GeV, the signal

significance s/
√
b of S3 increases from 0.88 to 2.94. This increase is very significant and is because

the tt̄ background has M !
T2 bounded from above by the W gauge boson mass (denoted in the vertical

black lines in Fig. 4).

A similar variable M b
T2 can be constructed from replacing p!i

T by pbi
T and pmiss

T by pmiss
T +p!1

T +p!2
T

in Eq. (2) and assuming the missing particle mass as the W gauge boson mass. We show the M b
T2

distributions for signals and tt̄ background in Fig 5. For the tt̄ background, the M b
T2 distribution has

an end-point at the top quark mass, as indicated by the vertical black line. The relative signal and

background distributions follow from the hardness of the b-jet. Since the S1 signal has the hardest

b-jet, its M b
T2 extends to a larger value. Imposing a lower limit cut on M b

T2 can therefore substantially

increase the signal significance. For example, a cut of M b
T2 > 190 GeV, denoted by the vertical blue

line in Fig 5 can provide an improvement of s/
√
b from 0.48 to 1.27.

One additional M b!
T2 variable can be defined by treating the summation of one b-jet momentum and

one charged-lepton momentum together as a single effective visible particle and the missing particle in

each decay chain as massless. There is a combinatorial ambiguity for this variable on how to choose the

two possible pairs. In our analysis, we choose the pairing with a smaller value of the larger invariant

mass of the b-jet momentum and the lepton momentum between the two pairs for each possible paring.

This choice is made based on the fact that for the correct combination the b-jet and the lepton come

from the same mother particle decay, so their invariant mass should be limited by the mother particle

mass. The signal and background distributions are shown in Fig. 6. For the S1, S2, S3 distributions,
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Imposing a lower limit cut on the lepton-MT2 may 
improve S2, S3 and S6, but can do harm on other spectra

significance.
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Meff ≡ Emiss
T +

∑

i=b1,b2,!1,!2

|!piT | , (1)

which can capture the generic center-of-mass energy of each event and is usually useful for searching

for new physics with heavy particles. We show the signal and background distributions in Meff in

Fig. 3. We see that S1, S2, and S3 have somewhat harder distributions than the background. On
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Figure 3: Meff distributions of the six different signals and the tt̄ background.

the other hand, S4, S5, and S6 on average have smaller Meff than the background due to the small

splitting between the stop and neutralino masses.

3.2 MT2-based Variables

A second class of variables is based on the MT2 variable discussed in the literature [43, 44, 50, 51].

MT2 uses the visible particle momenta and pmiss
T to find an optimized transverse mass for both decay

chains. Specifically for the final state of our interests, one can define the M !
T2 variable using the two

lepton momenta and pmiss
T as

M !
T2 = min







⋃

p1+p2=pmiss
T

max
[

mT (p
!1
T ,p1),mT (p

!2
T ,p2)

]







, (2)

where the mass of missing particle is set to be zero, as would be in a tt̄ background event. The

signal and background event distributions are shown in Fig. 4. Comparing the signal and background

behaviors in terms of M !
T2, we can see that S1, S4 and S5 have smaller values. This is essentially due

to their softer lepton momenta. As a result, imposing a lower limit cut on M !
T2, like what has been

done in the ATLAS search [41], can only decrease the signal significance. On the other hand, the
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MT2 Variables
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Figure 5: M b
T2 distributions for the six signals and the tt̄ background (B). The vertical black line

indicates the top quark mass. The vertical blue line shows the suggested lower cut to increase the S1
signal significance.

one can see that the hardness of b-jets, leptons and Emiss
T can make the signal M b!

T2 distribution extend

beyond that of the tt̄ background. On the contrary, the S4, S5 and S6 signal distributions have their

majority of M b!
T2 below the top quark mass. So, to increase the signal significance for these spectra,

one may want to impose an upper limit cut on M b!
T2 instead.

50 100 150 200 250
0.00

0.05

0.10

0.15

MT2
bl !GeV"

Fr
ac
tio
n

S1
S2
S3
B

50 100 150 200 250
0.00

0.05

0.10

0.15

0.20

MT2
bl !GeV"

Fr
ac
tio
n

S4
S5
S6
B

Figure 6: M b!
T2 distributions for the six signals and the tt̄ background (B). The vertical black line

indicates the top quark mass.

3.3 Compatible-masses Variables

Each of the MT2 variables discussed above only uses a part of the full kinematic information of

each event. For the signals and background in our study, the two decay chains are symmetric. One

can in principle use the three equal on-shell-mass constraints in the two-step decays at the same

time to further distinguish signals from background [53]. For example, we can concentrate on the tt̄

background and define variables to fully utilize the top quark, W gauge boson, and neutrino mass
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T can make the signal M b!

T2 distribution extend

beyond that of the tt̄ background. On the contrary, the S4, S5 and S6 signal distributions have their

majority of M b!
T2 below the top quark mass. So, to increase the signal significance for these spectra,

one may want to impose an upper limit cut on M b!
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3.3 Compatible-masses Variables

Each of the MT2 variables discussed above only uses a part of the full kinematic information of

each event. For the signals and background in our study, the two decay chains are symmetric. One

can in principle use the three equal on-shell-mass constraints in the two-step decays at the same

time to further distinguish signals from background [53]. For example, we can concentrate on the tt̄

background and define variables to fully utilize the top quark, W gauge boson, and neutrino mass
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Mass-Compatible Variables

Use all the mass on-shell conditions
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Figure 7: Scatter plots for S1-3 and tt̄ background (B) in the (
√
∆1,

√
∆2) plane. 500 points are shown

for both signal and background.

of variables in Fig. 8 & 9 . We have defined different combinations of variables as

• combo-all: the combination of all variables,
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Figure 7: Scatter plots for S1-3 and tt̄ background (B) in the (
√
∆1,

√
∆2) plane. 500 points are shown

for both signal and background.

of variables in Fig. 8 & 9 . We have defined different combinations of variables as

• combo-all: the combination of all variables,

11

!
!
!
!
!
!

"
"
"
"
"
"

"
"
""

!
!
!!

Y

Y

5

6

3

4

X

X

N

N

1

2

0 50 100 150 200 250 300
0

50

100

150

200

250

300

!1 !GeV"

!
2
!G
eV
"

Figure 11: Left: Two-step symmetric decay chains. The diagram also includes the notations we
use. Right: A typical allowed region (blue) in the (

√
∆1,

√
∆2) plane, where mN is set to zero,

∆1 ≡ m2
X −m2

N , ∆2 ≡ m2
Y −m2

X . The red curve corresponds to a constant value of m2
Y = ∆1 +∆2.

We scan over the allowed region to find the point that gives the minimum mY . For a fixed mN , a
constant mY corresponds to a constant ∆1 +∆2, which is a quarter-circle in the (

√
∆1,

√
∆2) plane.

When the quarter-circle is tangent to the compatible region (as shown by the red curve), the point of
intersection gives the minimal compatible mY .

Taking the differences between the mass shell equations we have

2p1p3 = m2
X −m2

N − p23 ≡ ∆1 − p23 ≡ ∆′
1, (4)

2p1p5 = m2
Y −m2

X − p25 − 2p3p5 ≡ ∆2 − p25 − 2p3p5 ≡ ∆′
2, (5)

where

∆1 ≡ m2
X −m2

N , (6)

∆2 ≡ m2
Y −m2

X , (7)

and we further define ∆′
1 and ∆′

2 to simplify the expressions.

Expanding the 4-momenta the equations can be written explicitly as

E1E3 − p1xp3x − p1yp3y − p1zp3z =
∆′

1

2
, (8)

E1E5 − p1xp5x − p1yp5y − p1zp5z =
∆′

2

2
. (9)

Combining these two equation we can eliminate E1 and express p1z in terms of p1x and p1y,

p1z = Ap1x +Bp1y +C, (10)
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Performance -- S1
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Figure 8: The signal significance as a function of the signal efficiency εs after the Boost Decision Tree
optimization for S1-3. The right vertical label is the efficiency ratio εs/

√
εb, indicating the relative

improvement on the top of basic cuts.
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Figure 8: The signal significance as a function of the signal efficiency εs after the Boost Decision Tree
optimization for S1-3. The right vertical label is the efficiency ratio εs/

√
εb, indicating the relative

improvement on the top of basic cuts.
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Performance -- S3
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Figure 8: The signal significance as a function of the signal efficiency εs after the Boost Decision Tree
optimization for S1-3. The right vertical label is the efficiency ratio εs/

√
εb, indicating the relative

improvement on the top of basic cuts.
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Performance -- S4
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Figure 9: The same as Fig. 8 but for S4-6.

13

improvement with a factor as large as 1.87 from Table 3(4). To identify the subset of variables relevant

for such an improvement, we have also tried other combination and found that p!T +M !
T2 can do almost

as well as the combo of all variables. We show the behavior of p!T + M !
T2 in the green solid curve

in Fig. 9, which almost matches the performance of the combo of all variables. Furthermore, We

have found that the combination of Emiss
T , Meff , p!T , M

!
T2 and ∆1 can reach the top performance.

The brown solid curve in Fig. 9 shows the performance of this combo, labeled as “combo-mix”. To

further understand the behavior of p!T and M !
T2 for S4, we show the p!T histogram distribution in the

left panel of Fig. 10 and the scatter plot of p!T and M !
T2 in the right panel. We can see from the
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Figure 10: Left: plT (a scalar sum of the pT ’s of the two leptons) distributions for S4-6 and the tt̄
background (B). Right: the scatter plot for S4 and B in the (M !

T2, p
!
T ) plane.

scattering plot that the S4 signal events have a concentration with small values of p!T and M !
T2. A cut

of M !
T2 < 30 GeV and p!T < 75 GeV (indicated by the two red lines) increases s/

√
b from 0.77 to 1.28.

For the spectrum S5, the combo-∆ provides a better significance than other combos. Among the

several variables in the combo-∆, we have found that ∆2 contributes more than the others. Since

there is no combo that is dramatically better than the others, a combination of all the variables may

be needed to achieve the best improvement of the search. The optimized cuts can increase s/
√
b by a

factor of 1.36 and have projected signal significance to be 1.65. As a result, this spectrum could be

excluded at 95% C.L. at 8 TeV with a 22 fb−1 luminosity.

For the last spectrum S6, the single variable ∆2 is better than any other single variables. The

combo-∆ and combo-MT2 have similar performances and either one can provide a significant improve-

ment. The combo of all variables can further improve the signal significance by around 20% and have

the total improvement of 2.19. So, for this type of spectra, the new ∆ variables proposed in this paper

(discussed in details in the Appendix A) are highly recommended in the real experimental analysis.
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Performance -- S5
0.0 0.2 0.4 0.6 0.8 1.0

0.0

0.5

1.0

1.5

0.0

0.5

1.0

1.5

2.0

signal efficiency
s!

b

Ε
s!
Ε
b

S4

combo"all
combo"#
combo"MT2
combo"pT
ETmiss& Meff
#1

MT2
l

pTl

pTl &MT2
l

combo"mix

0.0 0.2 0.4 0.6 0.8 1.0
0.0

0.5

1.0

1.5

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

signal efficiency

s!
b

Ε
s!
Ε
b

S5

combo"all
combo"#
combo"MT2
combo"pT
ETmiss& Meff
#2
MT2
bl

pTl

0.0 0.2 0.4 0.6 0.8 1.0
0.0

0.5

1.0

1.5

2.0

2.5

0.0

0.5

1.0

1.5

2.0

signal efficiency

s!
b

Ε
s!
Ε
b

S6

combo"all
combo"#
combo"MT2
combo"pT
ETmiss& Meff
#2
MT2
bl

pTb

Figure 9: The same as Fig. 8 but for S4-6.
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Performance -- S6
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Figure 9: The same as Fig. 8 but for S4-6.
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Performance Results

εs εb εs/
√
εb s b s/

√
b s/b

S1 0.405 0.0103 3.98 22.0 130 1.93 0.169

S2 0.175 0.0101 1.74 19.5 127 1.73 0.154

S3 0.225 0.0126 2.00 22.1 159 1.76 0.139

S4 0.655 0.122 1.87 56.4 1540 1.44 0.0366

S5 0.765 0.318 1.36 105 4009 1.65 0.0261

S6 0.455 0.0432 2.19 60.6 544 2.60 0.111

Table 3: s/
√
b and s/b after the optimized cuts from BDT at 22 fb−1, with the requirement that the

signal and the background efficiencies to be εs ≥ 0.1 and εb ≥ 0.01.

εs εb εs/
√
εb s b s/

√
b s/b

S1 0.355 0.00552 4.78 19.3 69.6 2.31 0.277

S2 0.175 0.0101 1.74 19.5 127 1.73 0.154

S3 0.185 0.00549 2.50 18.2 69.2 2.19 0.263

S4 0.655 0.122 1.87 56.4 1540 1.44 0.0366

S5 0.765 0.318 1.36 105 4009 1.65 0.0261

S6 0.455 0.0432 2.19 60.6 544 2.60 0.111

Table 4: The same as Table 3, but requiring εs ≥ 0.1 and εb ≥ 0.005.

For S2, both b-jet and lepton momenta from the signal are comparable to the background. For

the region that we trust our statistics of simulated events, there is no single variable can substantially

increase the significance. The combo-MT2 show a peak structure at the low signal efficiency region,

which is mainly due to the variable M !
T2. The combo-∆ is not that useful and only increase the

significance by around 20%. Again the combination of all variables does show a moderate improvement

and can increase the significance by a factor of 1.74 from Table 3(4).

For S3, the story is very simple. The charged lepton momenta from signal events can be harder

than the background. Although the basic kinematic variables do not improve the signal significance,

the M !
T2 variable is seen to increase s/

√
b dramatically. The improvement curve from the combination

of all variable follow the curve from M !
T2 only. The increasing factor on s/

√
b can reach 2.0(2.5) from

Table 3(4).

For S4, the existing combinations of variables, except the combination of all variables, can hardly

improve the signal significance at all. However, the combination of all variables does show an impressive

15
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A Summary of Best Variables

5 Conclusions

In this paper, we study the stop search in the chargino decay channel with direct stop production.

We focus on the challenging scenario where the spectrum of the superpartners involved in the decay

is moderately compressed. The overall transverse momentum of the visible particles (2 leptons +

2 b-jets) is similar to or somewhat smaller than that of the tt̄ background, making it difficult to be

distinguished from a tt̄ event. However, depending on the intermediate chargino mass, the distribution

of the individual lepton or b-jet momentum can have different behaviors from the tt̄ background. We

studied many kinematic variables, including the simple traditional variables such as Emiss
T , Meff , and

individual particle pT ’s, the MT2 variables, and the new compatible-masses variables (∆1,2) which

use all on-shell conditions of the tt̄ event topology. We found that different variables are useful for

different spectra. As a summary, we list the signal spectra, their characteristics of the b-jet and lepton

momenta and the best variable(s) of each signal spectrum in Table 5.

mt̃1
(GeV) mχ̃±

1

(GeV) mχ̃0
1
(GeV) b-jets leptons best-variables

S1 300 160 120 harder softer M b
T2

S2 300 200 120 comparable comparable combo-all

S3 300 230 120 softer harder M "
T2

S4 250 160 120 comparable softer p"T +M "
T2

S5 250 180 120 softer softer combo-all

S6 250 200 120 softer comparable ∆2

Table 5: A summary of the best variables for the six different spectra.

A general conclusion from Table 5 is that different variables should be used for different spectra.

Specifically, if either b-jets or leptons of the signal are harder than the corresponding ones of the tt̄

background, a single MT2 variable can improve the stop search significantly. For example, one could

use M b
T2 for S1 and M "

T2 for S3. For some spectra like S4, the leptons from the signal are softer than

the background, the variables p"T or M "
T2 can still be useful to improve the search if one imposes an

upper limit cut on these two variables. Similarly for S6, the b-jets from the signal are softer. Imposing

an upper limit cut on the variable ∆2 can improve the search. For S2, both b-jets and leptons are

comparable to those of the background and there is no single variable that works well. For S5, although

both b-jets and leptons are softer than the background, the differences are relatively small and there

is also no single variable that works well. However, a combination of many variables can still give

some improvement for the S2 and S5 spectra.
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You can download the cpp code of variables via:
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Current Status (One-lepton)

ATLAS Collaboration, ATLAS-CONF-2013-037
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Figure 8: Expected (black dashed) and observed (red solid) 95% CL excluded region (inside the curve)
in the plane of mχ̃01 vs. mt̃1 , assuming B(t̃1 → bχ̃±1 ) = 100%, B(χ̃

±
1 → W∗χ̃01) = 100%, and mχ̃±1 = 2×mχ̃01 .

All uncertainties except the theoretical signal cross-section uncertainties are included. The contours of
the yellow band around the expected limit are the ±1σ results. The dotted red lines around the observed
limit illustrate the change in the observed limit as the nominal signal cross-section is scaled up and down
by the theoretical uncertainty. For comparison the blue filled area shows the observed 2011 ATLAS
t̃1 → b + χ̃±1 exclusion limit [28], making the same signal assumption (mχ̃±1 = 2 × mχ̃01). The dashed
and dotted dark blue lines show the corresponding expected and observed −1σSUSYtheory limits, respectively.
Also for for comparison, the light grey dashed line shows the expected exclusion limit of the ATLAS
stop 1-lepton search on 13 fb−1 [24].
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